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INTRODUCTION
In terest in the problem  of the e ffec ts  of light patterns on the
condensation of m eta l vapors w as aroused  in the sum m er of 1949
during a co u rse  in sp ectro sco p y . The production of a d iffraction
grating  by the conventional ru ling m ethod seem ed  to be an arduous
task . The even distribution  of the cork  p ile s  in the Kundt's tube 
1 /
experim ent su g g ested  that a s im ila r  grouping of m atter m ight be  
accom p lish ed  with the proper distribution  or pattern of light, that 
i s  by an in terferen ce  pattern. If th is  in terferen ce  pattern w ere  
that produced by a w edge of a ir  betw een two p ie c e s  of p late g la ss ,  
a pattern s im ila r  in nature to  the d iffraction  grating would be p ro­
duced. It w as not known at that tim e whether a light pattern would 
have any effect on the deposition  or condensation of the m eta l vapor  
on a su b stra te . It w as decided  to in vestiga te  th e se  e ffe c ts  a s  a 
th e s is  problem  for the M a ster 's  D egree in M etallurgy.
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THEORY
When a m eta l atom  approaches the su rface of a so lid , it is  a t­
tracted  by two m ain typ es of fo r c e s . The f ir s t  i s  the van der W aals 
fo rce  which in vo lves p h ysica l fo r c e s . The secon d  type is  the ch em -  
isorp tion  fo rce  which con cern s fo r c e s  taking part in the ordinary  
ch em ica l bond.
The van der W aals fo r c e s  predom inate at v ery  low tem p eratu res  
s in c e  the ch em isorp tion  or activation  fo r c e s  take p lace v ery  s lo w ly
1/
at low tem p eratu res. T h ese  attraction  fo r c e s  p e r s is t  until the
m eta l p a r tic le s  are  within the in teratom ic equilibrium  position , at
w hich tim e the fo r c e s  b ecom e fo r c e s  of rep u lsion  and the m eta l
p a rtic le  w ill o sc illa te  about th is  equilibrium  position . Lennard- 
1/
Jones proposed  that atom s on the su rface  of a sub strate  are held  
in a p articu lar reg ion  by a fie ld  of fo rce  with a potential at ev ery  
point in the su r fa ce . The su rface  i s  assu m ed  to co n sis t  of reg ion s  
of low potential sep arated  by potential b a r r ie r s . At su ffic ien tly  ’ 
low tem p eratu res, adsorbed atom s or adatom s w ill v ib rate about 
the m in im a of th ese  potential zo n es  s in ce  the v ibrational en ergy  of 
the atom s depends d irec tly  on the tem perature. The amount of
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en ergy  required  to surm ount th e se  potential b a r r ie r s  is  v ery  much
le s s  than the heat of ev ap oration
1 /
L S. Langm uir found the heat of evaporation of caesiu m  atom s  
to  be approxim ately  equal to 1. 78 e lectron  v o lts  and the en ergy  of 
the potential b a rr ier  to be 21. 5 percent of the heat of evaporation. 
T h ese  potential b a r r ie r s  orig in ate w ith the atom  p osition s of the 
su b stra te .
U ntil a su rfa ce  i s  approxim ately  98 p ercent covered  by ad-
n
sorbed  atom s, a ll of the atom s str ik in g  the su rfa ce  w ill condense  
and com e into equilibrium  with the su rface  in the form  of a m ono- 
m olecu lar la y er . The to ta l amount of adsorbed m a ter ia l that r e ­
m ains on the su b stra te  depends upon the tem perature of the sub­
s tra te  and subsequently , of co u rse , on the v ibrational en ergy of 
the adatom s. Any additional en ergy  im parted to th e se  adatom s by  
an outside so u rce  w ill in cr ea se  the amount of re-evap oration  and 
d e c r e a se  the amount of m a ter ia l reta ined  on the su rfa ce  during any 
given  period  of t im e . The m eta l atom s that rem ain  on the su rface  
ex ist  in a form  v ery  s im ila r  to a tw o-d im en sion a l g a s . S ince the  
su b stra te  e x e r ts  stron g  van der W aals and activation  fo r c e s  norm al 
to its  su r fa ce , the adatom s a re  unable to m ove along an ax is  norm al 
to  the su rface  of the su b stra te . H ow ever, in the plane of the su r ­
fa ce  of the su b stra te  the net fo r c e s  exerted  by the atom s of the sub­
s tra te  are  sm a ll, and the m ob ility  of the adatom s in the su rface  de­
pends predom inantly on the fraction  of the su rfa ce  covered  by adatom s.
4
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Irving So Langm uir p resen ted  the su rface  phase postulate., A ll the  
p ro p erties  of an adsorbed film  on an underlying su rface  of given  
com p osition  are  uniquely determ ined  by the amount or the p ercen t­
age of the su r fa ce  co v ered  by adsorbed atom s and the absolute te m ­
perature of the surfaceo To th is  postu late m ust be added a statem ent  
concern ing the extern al en ergy  that is  added to or  withdrawn from  
the sy ste m .
T here a re  variou s p h a ses of s ta b ility  of thin m eta llic  f ilm s .
The f ir s t  atom s of the m eta llic  vapor that s tr ik e  the su r fa ce  of the  
su b stra te  are  attracted  only by the m o le cu le s  or atom s of the sub­
s tr a te . T h ese  f ir s t  atom s have a high probability  of r e -ev a p o ra ­
tion . H ow ever, if  another m eta l p a rtic le  should be deposited  ad­
jacent to the orig in a l p a rtic le  b efore th is  atom  has tim e to evapo­
rate , it w ill be attracted  by the other m eta llic  atom  and by the 
atom s of the su b stra te  a s  w e ll, and a much grea ter  amount of work  
w ill have to be done to v ap orize  e ith er of the m eta llic  a tom s.
T h ese  two m eta llic  atom s w ill act a s  a nucleus for c r y s ta llite  fo r -
* /
m at ion, I. S. Langm uir found that a cloudy deposit w as form ed  
on a g la s s  su b strate  at room  tem perature if  a high concentration  of 
ca esiu m  vapor w as d irected  against the g la ss . T h is fact i s  due to  
the in crea sed  probability  of a  second , th ird, or fourth atom  being  
dep osited  adjacent to the orig in a l m eta l atom  on the su b stra te . The 
tendency fo r  a foggy deposit to b e  form ed in c r e a se s  a s  the p re ssu r e  
in c r e a se s  or a s  the tem p eratu re of the su b strate  d e c r e a se s . A s
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the m eta l vapor continues to im pinge on the su rface , the deposit 
builds up to a m onom olecular layer  on the su rface b efore any atom s  
are adm itted to the second  layer of atom s of the film . The heat of 
evaporation for  the secon d  layer of atom s is  approxim ately 78 p er ­
cent of the heat of evaporation of m eta l atom s from  the m onom olec-
n
ular la y er . The en ergy  of the potential b a r r ie r s  d e c r e a se s  accord ­
ingly, and each  additional layer  b eco m es m ore m obile until a th ick ­
n e s s  of approxim ately  10 la y er s  of atom s has been built up. T his  
orig in a l layer i s  am orphous and nonm etallic in nature and b ecom es  
the f ir s t  stab le  phase of the m eta llic  film . T h is orig in al film  form s  
a foundation for the la ter  cry sta lliza tio n  that o ccu rs . A s the film
builds up, it again b eco m es unstable and rem ain s such until the
10/
fin a l f ilm  i s  deposited . At higher tem p eratu res, th is  film  breaks
up into sp h er o lite s  which do not have the usual c ry s ta l spacing but
w hich develop la ter  a s the film  builds up into iso trop ic  c r y s ta ls .
T h ese  c r y s ta ls  g en era lly  have a p referred  orientation  and, in alu-
11/
m inum , K. R. D ixit found the orientation  to be on the (111) plane 
at low tem p eratu res but on other p lanes at tem p eratu res above 
300 C.
T h ese  f ilm s  are  subject to m odification  both during and after
th e ir  form ation . T h ese  m od ification s are a d irect function of the
th ick n ess of the f ilm s , of the m ob ility  of the m eta l a tom s, and of
the ex tern a l conditions of form ation  and aging.
1 2 /  1 2 /
E sterm ann  and H am burger dem onstrated  the discontinuous
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stru ctu re of thin m eta llic  f ilm s  by m eans of the ult ram ie ro se  ope „ 
The variation  in the p a rtic le  magnitude reported  by them  fluctu­
ated betw een 30 and 500 A for d ifferent film  th ick n esse s . They  
show ed that a s  individual atom s str ik e  the su rface they do not r e ­
m ain in the position  in w hich they land but m ove around with a m ean  
free  path of approxim ately 500 A until they s tr ik e  la rg er  m a sse s  
of adatom s and form  c r y s ta ll ite s  or sp h ero lite s . Even in film s  
deposited  for m ir r o r s  th ere are m any d iscon tin u ities which are
not apparent to the naked eye  b ecau se their width is  but a sm a ll
14/
fraction  of the w avelength of v is ib le  light. The e lectron  m ic ro ­
scop e  show s that th ese  m irrored  su r fa ces  have an appearance  
s im ila r  to a m a ss iv e  m eta l that has experien ced  grain growth and 
are, in so m e c a s e s ,  s im ila r  in appearance to a d ivorced  eu tectic .
The p h ysica l p rop erties  of a m eta llic  film  depend upon a m ul­
titude of fa c to rs . T h ese  include: the m etal used for deposition; 
the ra te  of deposition; the tem perature of the evaporating coil; the 
conditions of vacuum; the ch em ica l, p hysical, and m echan ical con ­
ditions of the substrate; the changes in tem perature undergone by
the film  during the evaporation p r o c e ss  and subsequent aging; and
15/
m any extern al in flu en ces. Cadmium atom s, for in stan ce, do not 
agg lom erate  into la rg er  c ry s ta llin e  p a r tic le s  but rem ain  as sm a ll 
individual c r y s ta llite s , w h ereas alum inum  agg lom erates into m uch  
la rg er  m a ss e s  sep arated  by sm a ll in te r s t ic e s . The p a rtic le  s iz e  
of f ilm s  depends predom inantly on the th ick n ess of the film . V ery
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thin film s  take on the la ttice  stru ctu re of the su b strate  w hereas  
th icker f ilm s  show the sam e la ttice  constants as for m a ss iv e  m etal. 
C are m ust be e x e rc ised  in view ing th ese  m eta llic  f ilm s  s in ce  an 
extended form  of H eisen b erg 's  p r in cip le  show s that, when such
sm a ll p a r tic le s  are view ed , the m ethod or agent used for the ob-
16/
servation  m ay a lter  the film  being ob served . D. K„ Was su g g est­
ed that the e lectron ic  ra y s from  the e lectron  m icro sco p e  broke up 
the or ig in a l am orphous layers;, aided prem ature cry sta lliza tio n , 
and thereby gave erroneous v ie w s„ The work of th is th e s is  show s  
that optica l ob servation s by the ordinary m icro sco p e  m ay a lso  
produce changes in the orig in a l m eta llic  film  if  the film  has not 
reached  a sta b le  form .
When a beam  of light s tr ik e s  a m eta llic  su rfa ce , the rate  at 
which en ergy i s  absorbed is ,  accord ing to the M axw ell theory, 
d irec tly  proportional to the e le c tr ic  in ten sity  in sid e the m eta l„
The e lec tr ic  in ten sity  v a r ie s  with the in ten sity  of the incident beam , 
the plane of p o larization , the angle of incidence, the w avelength of 
the light, the m edium  through which the light p a sse s  b efore reach ­
ing the m eta l, and the conductivity of the m eta l. The amount of 
light en ergy absorbed by v e r y  thin m eta llic  f ilm s  on a transparent 
su b stra te  depends upon the th ick n ess of the film  and the amount of 
light re flec te d  from  the m e ta l-a ir  in terface  and the g la ss -m e ta l  
interface., Even though the film  is  transparent, a la rg er  p ercen t­
age of the incident beam  w ill be absorbed per atom  of film  b ecau se
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of th ese  m ultip le re f le c tio n s . In view  of th ese  fa c ts , it w as found 
advisab le to use v ery  thin m eta l f ilm s  on a g la ss  sub strate to dem ­
on strate the e ffec ts  of light on m eta l deposition.
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EXPERIMENTAL DATA AND APPARATUS
The vacuum  cham ber used  for the evaporation of the alum inum
co n sis ted  of a b e ll jar 4 1 /2  in ch es in d iam eter and 11 in ch es long
that fit  over a g la ss  cap. T h is cap, which contained four lead-
through e lec tro d es , w as p laced  over the in let of a b e ll-ja r  b ase
p late and held fir m ly  in position  by paraffin  wax. The b a se  p late
contained th ree  outlet plugs: one for attaching the vacuum  pump,
one for a m ercu ry  m onom eter, and one for  a v a lv e  to break the
vacuum  once the experim ent w as com pleted . The vacuum  pump
used  w as a C enco M egavac pump. It w as at f ir s t  b e liev ed  that an
o il d iffusion  pump would have to b e used  to obtain a su ffic ien tly
high vacuum , but w ith such a sm a ll cham ber and with few  so u r ces
-4
of leak s the M egavac fo re  pump produced a vacuum  of about 10 mm  
of m ercu ry , w hich w as su ffic ien t for  th is  work. The four e lec tro d es  
in the cap w ere  fitted  w ith exten sion s that had a lliga tor  c lip s  on the 
upper ends. T h ese  c lip s  w ere  used  to hold the tungsten w ire  and 
the m ic ro sco p e  s lid e . Short p ie c e s  of tungsten w ire  3 in ch es long, 
bent in the shape of elongated  M_'s, w ere used  to hold the alum inum  
during evaporation. A light pattern w as produced by a concentrated
10
beam  of light from  a G eneral E lec tr ic  N o0 18A projection  bulb in a 
Cenco N o0 86605 p rojector  and a 6 -in ch  in d iam eter condensing  
len s , both of which w ere  m ounted on a 6-foot optical bench. A sharp  
im age of the cy lin d r ica l filam ent of the bulb w as focu sed  on the m i­
cro sco p e  s lid e  w hich w as to act a s  a su b strate . Current to heat 
the tungsten w ire  w as obtained from  a  M aster Weld w elder that 
had been reb u ilt0 Its output w as 30 v o lts  d. c 0 when the input v o lt­
age w as 110 v o lts  a c c .
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PROCEDURE
The apparatus w as se t  up a s d escr ib ed  above and a s shown in 
F igu re I. The M -shaped tungsten w ire  w as p laced  with one end in  
each  of two of the opposite e lec tro d e  c lip s , and a sm a ll p iece  of 
alum inum  w ire  about 5 m m  long w as looped over the point of the  
M -shaped tungsten w ire  and crim ped  in p la c e0 The r im s  of the cap  
and the b e ll jar w ere covered  w ith a light film  of vacuum  wax, and 
the b e ll jar w as se t  in p la c e . The cham ber w as evacuated, and a  
high current w as p a ssed  through the tungsten w ire  to produce p re ­
lim in ary  fu sion  of the alum inum . The vacuum  w as then broken, the 
b e ll jar w as rem oved , and the m ic ro sco p e  s lid e  w as clam ped in 
p lace with the e lec tro d e  c lip . The d istan ce of 3 cm  betw een the m i­
cro sco p e  s lid e  and the filam ent w as m uch sm a lle r  than the m ean  
fr e e  path of the m eta l a tom s. The b e ll jar w as rep laced , and the 
cham ber w as re-evacu ated . When the current w as again p assed  
through the tungsten w ire , the tem perature of the w ire  in crea sed  
until a tem perature near the boilin g  point of the alum inum  w as 
reached . S ince the tungsten w ire  adjacent to the globule of aluminum  
w as at s lig h tly  h igher tem perature than the globule its e lf , m ost of
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the evaporation took p lace along th ese  segm en ts of the tungsten w ire . 
Since the plane of the M -shaped w ire w as p a ra lle l to the plane of 
the g la ss  s lid e  and s in ce  the point of the M_ w as approxim ately op­
p o site  the cen ter  of the s lid e , the m eta l vapor reach ing the sub­
stra te  appeared to com e from  two sm a ll line so u r ce s , and the cen ­
ter  of the s lid e  rece iv ed  a g rea ter  amount of deposit than the ed ges. 
The light pattern w as projected  through the s lid e  and w as focu sed  
on the condensing su rfa ce  of the s lid e  and at its  center* In th is way, 
the m axim um  con trast betw een the illum inated and the n o n -illu m i­
nated a rea s  w as obtained* The current w as p a ssed  through the 
tungsten w ire for approxim ately  20 secon d s. T his tim e of evapo­
ration w as determ ined u su a lly  by the depth of deposit rather than 
by current and tim e m ea su rem en ts.
In the f ir s t  exp erim en ts, a sharp s lit  of light w as used  a s  a 
light pattern, but b ecau se of the in stab ility  of the film , the pattern  
in the film  gradually disappeared* F or a ll subsequent exp erim en ts, 
the im age of the filam en t of the light sou rce  w as used  a s a pattern.
It w as at f ir s t  b e liev ed  that the light pattern would have to be  
p rojected  on the su b stra te  fo r  a re la tiv e ly  long period  of tim e after  
the deposit w as form ed  in order to produce the proper amount of 
re-evap oration . It w as found, how ever, that if  the pattern w ere  
p rojected  on the su b stra te  only at the tim e of deposition , m uch  
b etter  r e su lts  w ere  obtained, for the ex ten siv e  u se  of the light pat­
tern  g rea tly  reduced the con trast betw een the illum inated  and the
darkened regions* E xperim ents w ere perform ed to se e  if the pattern  
could be obtained by depositing the m etal film  and then p lacing the 
im age of the filam ent on the substrate* No re-evap oration , or at 
lea st no p erceiv a b le  amount of re-evap oration , occu rred  b ecau se  
the atom s of the deposit had a lread y form ed into sp h ero lite s  so  
large that the en ergy from  the light w as not suffic ien t to evaporate  
them .
T hicker d ep osits  w ere made with the light pattern projected  
through the su b stra te  during the en tire  evaporation and condensa­
tion p r o c e ss . T h ese  patterns w ere su ffic ien tly  thick to be non­
transparent. H ow ever, the im age of the filam ent rem ained  on the 
su rface  of the deposited  film  even though th is  region  w as opaque*
M ost of the f ilm s  produced w ere v ery  black and foggy, s in ce  the 
f ilm s  w ere m ade up of p a rtic le s  too sm a ll to re flec t the light or to 
produce in ter feren ce  with any particu lar w avelength of light. The 
th ick er d ep osits  show ed a spectrum  of co lo r s  which indicated that 
the th ick n ess of the film  graded from  the cen ter  of the s lid e  outward 
rad ia lly .
The black d ep osits  w ere  v ery  advantageous in illu stra tin g  th is  
th e s is  problem , s in ce  they absorbed appreciab ly  a ll of the incident 
light. B est r e su lts  w ere obtained when a deposit w as b arely  tra n s­
parent and dep osited  v ery  rapid ly  w hile the light w as projected  
through the su b stra te . T h ese  r e su lts  confirm  the work of num erous 
exp erim en ters who have shown that slow  evaporation prom otes
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prem ature cry sta lliza tio n , and v ery  rapid evaporation p rom otes the 
ex isten ce  of the p relim in ary  am orphous layer . T h is am orphous 
layer  is  v e r y  m ob ile  and as yet not agglom erated* It is  th erefo re  
in an id ea l s ta te  for re-evap oration  or for rem oval from  the light 
pattern by translation  along the surface*
15
SUMMARY
If a m eta l vapor i s  allow ed to condense on a g la s s  sub strate that 
has a beam  of light p a ssin g  through it and sharply  focused  on the 
condensing su rfa ce , the v ibrational energy of the p a r tic le s  of m etal 
w ill be in crea sed  due to the amount of light absorbed. If the amount 
of absorbed en ergy  is  su ffic ien t the deposit w ill be re la tiv e ly  fre e  
of m eta l w here the light in ten sity  w as high, and the deposit w ill be 
dense w here the light in ten sity  w as low 0 Since the en ergy of sub­
lim ation  of alum inum  is  approxim ately 50 large c a lo r ie s  per gram
-1 3  i 2 /atom , or 33 x 10 erg s  p er atom , and the en ergy  of v is ib le  light
-13is  approxim ately  36 x 10 erg s  per quantum, the en ergy  of one 
quantum should be su ffic ien t to re -ev a p o ra te  one atom  of aluminum . 
If the evaporation is  perform ed  at a su ffic ien tly  fa st ra te , the film  
produced w ill be v ery  unstable and w ill rem ain  am orphous and in 
the form  of s in g le  atom s long enough for  the light to be absorbed and 
for the individual atom s to be re-evap orated . If the evaporation is  
perform ed  v e r y  s lo w ly , c r y s ta ll ite s  w ill form  prem atu rely , and the 
en ergy  of the light w ill be in su ffic ien t to break up the c r y s ta llite s  
and produce the proper re-evap oration .
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When a light pattern is  focu sed  on the su rface  of the su b strate  
during the condensation of a m eta l vapor, le s s  m eta l w ill be retained  
on the illum inated  reg ion s of the su b strate  than on the darker r e ­
gions,, The shape of the pattern has no effect on the d egree of r e -  
evaporation,, T h ese  fa c ts  substantiate the b e lie f  that a d iffraction  
grating could be produced by u sin g  a proper light pattern during  
the m irro r in g  of the grating blank.
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FIGURE I
O verall p icture of apparatus just after vacuum w as broken and b ell 
jar was rem oved.
FIGURE II




Im age of filam ent of projection  lam p. Lamp was focused  on black  
background and photographed to illu stra te  d eta ils  of light pattern,,
FIGURE IV
P ictu re  of m icro sco p e  s lid e  show ing im age of filam ent im pregnated  
in m eta l f i lm 0 Dark reg ion s are heavy d ep osits  of alum inum , and 
light reg ion s are zon es e ffec tiv e ly  free  of alum inum .
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FIGURE V
Photograph of m icro sco p e  s lid e  in p lace with light pattern s t il l  p ro­
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